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Introduction
Baeyer-Villiger (BV) oxidation, in which linear or cyclic ketones are oxidised to esters or lactones, has been known for over 110 years.
1 It is particularly useful to generate lactones, used as intermediates for pharmaceuticals, herbicides and polymers, as well as solvents, avours and fragrance additives.
1,2 Common oxidants in BV oxidation are peroxyacids, such as peroxyacetic or m-chloroperoxybenzoic. They are very active oxidants, but also intrinsically unstable and shock-sensitive, and thus expensive to store and transport, hazardous to use, and they produce acidic waste. All these factors drive the search for more sustainable oxidising agents.
Aqueous hydrogen peroxide, a much 'greener' alternative: it is more stable, therefore safer to use, and generates water as the oxidation by-product. Although H 2 O 2 is characterised by a high content of active oxygen, it is kinetically inert, and requires an acidic catalyst to oxidise ketones.
2,3
Lewis acids catalyse BV oxidation by coordinating to the carbonyl group of a ketone, thereby activating it towards the nucleophilic attack of hydrogen peroxide by increasing the polarisation of the C]O double bond.
2,4 A number of Lewis acidic metal chlorides (AlCl 3 , SnCl 4 , FeCl 3 , ZrCl 4 , TiCl 4 and ZnCl 2 ) have been used as catalysts in Baeyer-Villiger oxidation with H 2 O 2 (as aqueous solution) or with silyl peroxides (which is a masked version of 100% H 2 O 2 ).
3,5-10 However, the literature data are fragmentary, and it is not possible to directly compare the catalysts due to the use of different solvents, substrates and conditions. The most studied reaction is the oxidation of ketones with H 2 O 2 catalysed by AlCl 3 , both homogenously (in ethanol), and heterogeneously (on alumina or silica supports). [5] [6] [7] Less encouraging results were found using tin chlorides: SnCl 4 in methyl t-butyl ether was very weakly active in these oxidation of 2-adamantanone with H 2 O 2 , yielding only 3% conversion, 8 whereas SnCl 2 in butanol was found inactive in the oxidation with H 2 O 2 .
9 In contrast, SnCl 4 , AlCl 3 and FeCl 3 were all active catalysts in BV oxidation with bistrimethylsilyl peroxide as an oxidising agent. 10 Additionally, several organoselenium compounds, like bis [3,5- bis(triuoromethyl)phenyl]diselenide, 11 3,5-bis(peruorooctyl) phenyl butylselenide, homogenous BV oxidation in dioxane with Lewis acidic chlorides has not been reported.
In the search for a sustainable BV oxidation, we have studied the use of ionic liquids, both as solvents and, more recently, as catalysts. In studying the solvent effect, it has been demonstrated that both conversion and reaction kinetics depended on the structure of ionic liquid or molecular solvent used.
16,17
Mildly Brønsted acidic, supported ionic liquids based on [HSO 4 ] À , were active and recyclable catalysts for BV oxidation with H 2 O 2 in dichloromethane. 16 Strongly Lewis acidic ionic liquids with chloroaluminate(III) anions were very potent catalysts for cyclobutanone oxidations with silyl peroxides. 17 Despite promising results, this work remains the only example of BV oxidation catalysed with Lewis acidic ionic liquids reported todate.
Here, we aim to directly compare the catalytic performance of various metal chlorides in BV oxidation of model cyclic ketones with H 2 O 2 , and to investigate whether the performance of the most active metal chlorides could be further enhanced by using them in the form of chlorometallate ionic liquids, rather than as a solution in a molecular solvent.
Experimental

Materials and methods
All materials (metal chlorides, 1-butyl-3-methylimidazolium chloride, ketones) were purchased from Sigma-Aldrich. Metal chlorides were anhydrous (purity 99.99%, sealed under argon in glass ampoules).
Substituted cyclobutanones (3-phenylcyclobutanone and 3-butylcyclobutanone) were synthesised following a standard two-step procedure: a [2 + 2] cycloaddition of dichloroketene to the vinyl derivative, followed by the reduction of the resulting dichloroketones with zinc in acetic acid (see ESI † for the NMR spectra).
18
GC analyses were performed using a PerkinElmer Clarus 500 gas chromatograph equipped with an SPB™-5 column (30 m Â 0.2 mm Â 0.2 mm).
1 H NMR spectra were recorded at 300 MHz or 600 MHz and 13 C NMR at 75 or 150 MHz (Varian system), respectively.
71 Ga NMR spectra were recorded at 300 K using a Bruker AvanceIII 400 MHz spectrometer. Samples were analysed neat, using d 6 -dimethylsulfoxide capillaries as an external lock. A solution of Ga(NO 3 ) 3 hydrate in D 2 O was used as an external reference (d ¼ 0 ppm).
Raman analyses were performed using a Perkin-Elmer Raman Station 400F, with a 785 nm focussed laser beam. All samples were studied in quartz cuvettes, with forty 2 second scans recorded for each sample.
Synthetic procedures
Chlorometallate(III) ionic liquids. Chlorometallate(III) ionic liquids were synthesised in a nitrogen-lled glovebox (MBraun labmaster dp, <0.3 ppm of H 2 O and O 2 ). In a typical procedure, 19 1-butyl-3-methylimidazolium chloride, [C 4 mim]Cl, was placed in a vial (10 cm 3 ) equipped with a stirring bar. Then, metal(III) chloride (M ¼ Al or Ga) was added slowly, in portions, to achieve the desired composition, and allowed to react until a homogenous liquid was formed (3 h, 60 C, 1000 rpm). Exact amounts of reactants are shown in Table 1 .
Oxidation of ketones in the presence of metal chlorides. Into a two-necked round-bottomed ask equipped with a septum, a condenser with a balloon lled with nitrogen, and a magnetic stirring bar, 2-adamantanone (0.1 g, 0.67 mmol) and metal chloride (0.008-0.017 g, 0.067 mmol) were placed. Then, a molecular solvent (5 cm 3 , see 
Results and discussion
Screening of metal chlorides
Metal chlorides were used as Lewis acidic catalysts in a model oxidation of 2-adamantanone (Scheme 1) with a two-fold molar excess of H 2 O 2 (30% aq.), at 10 mol% metal chloride loading.
Scheme 1 Model Baeyer-Villiger oxidation of 2-adamantanone.
Each metal chloride was tested in three solvents: dichloromethane, ethanol and toluene. Additionally, tin chlorides were tested in 1,4-dioxane. The observed catalytic activity was strongly dependent the metal chloride, the solvent, and the reaction temperature (Table  2 ). In agreement with the literature, high yield of lactone was obtained using AlCl 3 in ethanol, but not with less polar and aprotic solvents. 5 In contrast, the previously unstudied GaCl 3 was the most active catalyst under all conditions. Moreover, SnCl 2 and SnCl 4 were very active in toluene and 1,4-dioxane, but not in ethanol and dichloromethane. These observations may explain the previously reported low activity of tin chlorides.
8,9
Other metal chlorides (InCl 3 , ZnCl 2 , TiCl 3 , TiCl 4 , FeCl 3 ) exhibited much lower activity, with an unpredictable dependence on the solvent.
The high catalytic activity of GaCl 3 was most likely related to its high solubility in the reaction mixtures, compared to other metal halides, which resulted in favourable reaction kinetics. Kinetic studies of selected catalytic systems (Fig. 1 ) revealed superior performance of GaCl 3 , even at a lower temperature (40 C).
Screening of chlorogallate(III) ionic liquids
Seeking to additionally improve the reaction sustainability by the removal of volatile organic solvents, and in the hope of further enhancement in the reaction rate, chlorogallate(III) ionic liquids were studied as Lewis acidic catalysts.
Chlorogallate Results of a model oxidation of 2-adamantanone with a two-fold molar excess of H 2 O 2 (30% aq.) are presented in Table 3 . In order to form a homogenous reaction medium, equimolar amounts of ketone and ionic liquid (based on cation) were typically required. Depending on the anionic speciation, this resulted in molar excess of gallium metal to substrate between 1 and 3. Hence, the reactions in the ionic liquids contained at least ten times the concentration of metal than the equivalent reactions in molecular solvents. Nevertheless, this does not account for the signicantly greater activity of the ionic liquid. Using the ionic liquid with the highest GaCl 3 concentration (c GaCl 3 ¼ 0.75) and the highest Lewis acidity (expressed as acceptor number, AN ¼ 107.5), the oxidation was remarkably fast, reaching 99% yield of lactone and ketone conversion, in less than 1 min at ambient temperature. This contrasts with solutions of GaCl 3 in molecular solvents, which took more than two orders of magnitude longer, at elevated temperatures, to produce comparable yields.
The chlorogallate(III) ionic liquid with lower GaCl 3 concentration (c GaCl 3 ¼ 0.67) and slightly lower Lewis acidity (AN ¼ 99.5) was also slightly less active. Nevertheless, it still displayed extremely high catalytic activity, yielding 93% lactone yield aer 1 min at ambient temperature. In contrast, no conversion was For comparison, strongly Lewis acidic chloroaluminate(III) ionic liquids were used as catalysts (c AlCl 3 ¼ 0.67, AN ¼ 95.6), at the same temperature. Very low yields of lactone (11%) were obtained, even aer 300 min. This is in agreement with some of the results recorded for catalysis with metal chlorides (Table 2) , where the performance of AlCl 3 was inferior to that of GaCl 3 .
Screening of oxidising agents
The catalytic activity of [C 4 mim]Cl-GaCl 3 (c GaCl 3 ¼ 0.75) was tested in the presence of a range of oxidising agents. Results for two concentrations of H 2 O 2 in water (30 and 60%) were compared to oxidations using the anhydrous urea$H 2 O 2 complex (UHP), cumyl hydroperoxide (neat), and tert-butyl hydroperoxide, used as solutions in water and in decane (Table  4) . Equimolar amounts of ionic liquid (based on the cation) and ketone were used in all cases.
Using decreasing amounts of H 2 O 2 (30% aq.), it was demonstrated that the ratio of oxidising agent could be decreased from two-fold to nearly equimolar, without signi-cant product loss. Decreasing water content (i.e. increasing H 2 O 2 concentration to 60%) had no observable effect on conversion and yield, compared to using 30% aqueous solution of H 2 O 2 . However, replacing aqueous solution with anhydrous UHP complex (with formal H 2 O 2 concentration of 36%), led to a dramatic decrease in the lactone yield (80% aer 60 min). To conrm the benecial role of water, the reaction with UHP was repeated in the presence of 0.1 g of water (giving formal H 2 O 2 concentration of ca. 30%), with resulted in 92% lactone yield aer 1 min. This conrmed that the presence of water is crucial for the observed high reaction rates in gallium(III)-promoted BV oxidation with H 2 O 2 . Interestingly, this is in direct opposition to earlier views, whereby water was detrimental for metal-catalysed BV oxidation, which was considered suitable only for anhydrous conditions.
2
In BV oxidation, H 2 O 2 is known to be a less active oxidant than peracids, but more active than hydroperoxides.
2,3 Considering the excellent performance of gallium(III) catalysts in H 2 O 2 oxidation, it was anticipated that they may also catalyse oxidation by hydroperoxides. However, irrespective of the solvent (neat, water, aprotic solvent -see Table 4 ), hydroperoxides remained inactive in the model oxidation catalysed by the chlorogallate(III) ionic liquids. 
Mechanistic considerations
Screening studies revealed that gallium(III) chloride and chlorogallate(III) ionic liquids were much more active catalysts in BV oxidation with aqueous H 2 O 2 than their aluminium(III) analogues. A combination of Raman and 71 Ga NMR spectroscopic studies was used to shed some light on the activation process. Two active systems were investigated: GaCl 3 (Fig. 3A) , that correspond to vibrations of terminal and bridging chlorides in oligomeric chlorogallate(III) anions, in agreement with the literature.
33
Upon the addition of the ionic liquid to aqueous hydrogen peroxide, a single phase was formed in a highly exothermic process. The same was observed upon the addition of solid GaCl 3 to aqueous H 2 O 2 . For both solutions, Raman spectra exhibited a Ga-Cl stretching frequency at 348 cm À1 , corresponding to monomeric chlorogallate(III) units, and signal at 876 cm À1 , corresponding to the O-O stretch in H 2 O 2 (Fig. 3A) .
The 71 Ga NMR spectra both contained two signals (Fig. 3B) 36 Therefore, chlorohydroxygallate(III) complexes are proposed to be the active Lewis acidic species in BV oxidation (Scheme 2a and b), which also explains the benecial inuence of water in this reaction. Finally, a very slow conversion of ketone to lactone (43% aer 5 h) detected in the presence of the 'inactive' [C 4 mim]Cl-GaCl 3 (c GaCl 3 ¼ 0.50), was probably caused by hydrolytically-generated HCl, protonating the ketone and resulting in its mild activation (Scheme 2c).
Substrate scope
To determine the catalytic potential of the chlorogallate(III) ionic liquid, [C 4 mim]Cl-GaCl 3 (c GaCl 3 ¼ 0.75), it was used as a catalyst for the synthesis of a range of lactones from the corresponding ketones (Table 5 ). Numerous cyclic ketones were readily oxidised to the corresponding lactones in high yields (93-99%) under the optimised reaction conditions, which were in general remarkably better than those reported in the literature.
4-7
Very reactive, strained cyclobutanones were oxidised to gbutyrolactones in 1 min with 99% yield. High yields and short reaction times were also achieved for the oxidation of 2-adamantanone and norcamphor. Non-strained cyclohexanones, which are much less reactive, were also successfully oxidised to corresponding 3-caprolactones at 99% yields. Reaction times varied from 15 to 120 min, depending on the substituent in the para position. The only exception was unsubstituted cyclohexanone, which yielded only 26% of 3-caprolactone aer 1 min with full conversion of ketone. This anomaly could be caused by the presence of Brønsted acidic protons, which are known to convert cyclohexanone to the polymeric peroxides in the presence of H 2 O 2 .
2,37 Unfortunately, isopropyl propanoate and pmethoxyphenyl acetate, which are reactive representatives of linear ketones, were slowly oxidise and did not reached the full conversion.
Conclusions
The gallium(III) chloride systems provide the fastest known homogenous activation of the Baeyer-Villiger oxidation with aqueous hydrogen peroxide to produce near quantitative yields (89-94%) of lactones.
2 Gallium(III) chloride was found to be a very active catalyst, especially in aprotic solvents. Lewis acidic chlorogallate(III) ionic liquids were also extremely active, and in addition allowed for the elimination of volatile molecular solvents.
It was demonstrated that water was crucial for the efficient process activation. 
